Abstract: Plants are frequently exposed to environmental stress and organisms that seek to benefit from their autotrophic nature. To cope with these challenges plants have developed stress-resistance mechanisms, which involve sensing, activation of signal transduction cascades, changes in gene expression, and physiological adjustment. Exposure to one kind of stress often leads to cross-tolerance, that is, resistance to different kinds of stresses. The search for a common underlying mechanism concentrates mostly on changes in cellular physiology and gene expression. We focus on the cross-protective measures that are taken at the level above the single cell. We argue that the controlled alterations in symplasmic permeability that underlie development also play a role in survival and defense strategies. In development, most of the alterations are transient and dynamic, whereas the more persistent alterations function predominantly in dormancy and defense and are under the control of two key enzymes: 1,3-β-D-glucan synthase and 1,3-β-D-glucanase. 1,3-β-D-Glucan synthase functions in the narrowing or closing of plasmodesmata, whereas 1,3-β-Dglucanase counteracts this process. We propose that the closing of symplasmic paths constitutes an unspecific but effective early measure in adaptation and defense, which is accompanied by specific strategies tailored to the various challenges plants face.
Introduction
Higher plants grow and develop throughout their life. They respond to environmental fluctuations by modulating growth and development, but beyond a certain limit these fluctuations become disturbing and the plant might react with a cessation of growth. Subsequently, photosynthetic energy is channelled into the development of an adaptive state, such as dormancy. Similarly, plants might respond to severe wounding and pathogen attack by redirecting energy from growth and development toward defense.
Continuous development of a shoot is dependent on the activity of the shoot apical meristem (SAM) and on its supply of carbohydrates and nutrients via both short-and longdistance transport routes. Plasmodesmata have a crucial role in sustaining continuous growth, as they are not only essential in SAM functioning but also connect the SAM via the supply route of the phloem to the source leaves. As a conse-quence, obstruction of plasmodesmatal functioning at any location in this "symplasmic continuum" (Münch 1930; Gunning and Robards 1976; Lucas et al. 1993 ) is likely to interfere, directly or indirectly, with morphogenetic activity in the SAM. A variety of agents, such as wounding, pathogen invasion, high and low temperatures, and even alterations in photoperiod can lead to such changes, as they are known to have an impact on plasmodesmatal functioning. Although the abiotic and biotic stresses evoke changes in cellular metabolism and gene expression, they also lead to responses above the single-cell level involving modifications of the symplasm that serve to regulate plant growth and development in accordance with the conditions. These responses are an integral part of the plant's defense repertoire, a fact that has received little attention so far.
This paper examines the responses of plants from the viewpoint that symplasmic integrity is essential for proliferative growth. With this in mind, we first focus on how plants orchestrate primary development and how this supports a life-style that is characteristically open-ended. As this life-style makes plants vulnerable to many perturbing factors, we next discuss the mechanisms that underlie the plant's retreat into a state of dormancy and those that are brought into play during defense reactions. We show that in all three phenomena -development, dormancy, and defense -the two key enzymes 1,3-β-D-glucan synthase and 1,3-β-D-glucanase play important roles in regulating plasmodesmatal functions and that safeguarding the integrity of the symplasm with the help of the two enzymes might be vitally important to all plant responses to abiotic and biotic factors.
Plasmodesmata in development

Symplasmic continuum of the plant
Plasmodesmata are cytoplasmic bridges that connect all plant cells into a single symplasmic continuum (see in Lucas et al. 1993) . The continuum provides paths for direct cellto-cell signalling and transport of metabolites. Only in exceptional cases do cells disconnect themselves symplasmically from neighbouring cells as, for example, in the case of mature guard cells where the functioning of stomata as a hydrostatic device requires isolation (Lucas et al. 1993) .
Despite the apparent symplasmic continuity, the cells of a plant are not all simultaneously in direct cytoplasmic contact. Plasmodesmata within tissues and at tissue interfaces are differentially and dynamically regulated to meet local demands for signalling, transport, or isolation (see Roberts and Oparka 2003) . Regulation might be achieved via regulatory proteins that target and gate the plasmodesmata, that is, they open the plasmodesmata transiently to permit the passage of selected molecules, for example, viral RNAs and certain transcription factors (Ding et al. 1999; Zambryski and Crawford 2000) . These and other gating phenomena could involve contractile proteins, such as actin and myosin (White et al. 1994; Overall and Blackman 1996) or an unconventional calcium-regulated myosin, myosin VIII, which has been localized at plasmodesmata (Knight and KendrickJones 1993; Reichelt et al. 1999) . Alternatively, it could involve a mechanism that regulates the relaxation of proteinaceous spokes in the plasmodesmata (Epel 1994; McLean et al. 1997) . The transient narrowing of plasmodesmatal channels might also be achieved by Ca 2+ fluxes (Holdaway-Clarke et al. 2000) or the dephosphorylation of the calcium-binding contractile phosphoprotein centrin (Blackman et al. 1999) .
Longer lasting alterations in plasmodesmatal conductance might be governed by mechanisms that control the deposition of 1,3-β-D-glucan (callose) around the plasmodesmatal orifices (Lucas et al. 1993) . The activation of the membranelocalized enzyme 1,3-β-D-glucan synthase ) requires a transient rise in cytosolic Ca 2+ (Kauss 1987; Delmer and Stone 1988; Olesen and Robards 1990) in combination with the 1,3-β-D-glucan synthase activator, β-furfuryl-β-glucoside (Hayashi et al. 1987; Ohana et al. 1991 Ohana et al. , 1992 Ohana et al. , 1993 , and leads to a temporarily reduced size exclusion limit (SEL), as well as diminished transport and signalling between cells (Wolf et al. 1991; Lucas et al. 1993; Ehlers and Kollmann 2001; Roberts and Oparka 2003) . Relaxation of the plasmodesmatal channels requires the removal of 1,3-β-D-glucan by the action of the hydrolysing enzyme 1,3-β-D-glucanase (Lucas et al. 1993 ). This particular mechanism for the constriction and relaxation of plasmodesmata is employed in a number of processes, varying from flux regulation to stress and wound responses (Radford et al. 1998; Olesen and Robards 1990) .
1,3-β-D-Glucan synthase and 1,3-β-D-glucanase not only function in the control of transport processes and stress responses but also have an important role in the orchestration of development. These enzymes might be a basic tool kit for the extension of the symplasmic continuum during growth and development. For example, they are indispensable for the creation of functional sieve tubes and plasmodesmatal connections in formative areas (Lucas et al. 1993 ). The conversion of sieve plate plasmodesmata to functional sieve plate pores is a two-step process: initially, 1,3-β-D-glucan is deposited as a collar around the plasmodesmata, but later it is removed by the action of 1,3-β-D-glucanase (Esau and Thorsch 1985) . Similarly, these enzymes are required in the formation of new cell plates with functional plasmodesmata (Esau and Thorsch 1985) . 1,3-β-D-Glucanase, generally regarded as a pathogenesis-related protein, is implicated in a series of developmental processes such as cell growth, tissue differentiation, senescence, abscission, flowering, fruit ripening, and seed germination and maturation (Stone and Clarke 1992; Simmons 1994; Leubner-Metzger 2003) . It is likely, however, that all of the above cases involve alterations in the symplasm. This would require the coordinated action of 1,3-β-D-glucanase as well as 1,3-β-D-glucan synthase.
The plant's efforts to regulate plasmodesmata in a spatiotemporal fashion demonstrate the overall importance of symplasmic continuity in growth and development. This is clearly exemplified by the way lower vascular plants develop. These plants often construct their entire shoot system from a single tetrahedral apical cell, also called a top cell, in a constrained and strictly regulated pattern (Gunning 1978) . The entire shoot system can therefore be regarded as a single-branched cell lineage. Because plasmodesmata formation in these plants is restricted to cell plates, giving rise to so-called primary plasmodesmata, the constrained architecture might reflect the necessity to maintain symplasmic continuity (van der Schoot and Rinne 1999a). In higher plants, architectural possibilities are less constrained, but this does not mean that the continuity of the symplasm is less important than in lower vascular plants. Rather, the higher degree of freedom is due to the presence of multiple "apical cells" in combination with a unique mechanism to symplasmically interconnect nondaughter cells.
Symplasmic subdivision of the shoot apical meristem
The multiple apical cells collectively constitute the SAM of higher plants. In angiosperms, the SAM is duplex, that is, it consists of two layers, each with its own growth dynamics (see in Tilney-Basset 1986). The superficial layer constitutes a tunica, where as a rule, cell division is restricted to the anticlinal plane, whereas subjacent cells constitute a corpus where cell divisions occur in all planes. As shown by clonal analyses (Tilney-Bassett 1986) , the tunica and the corpus are derived from their own set of initial cells, also called stem cells (e.g., Laux 2003) , and their division activities give rise to a specific symplasmic network (for a model, see van der Schoot and Rinne 1999a). Each initial cell forms a clonal sector of daughter cells that are produced in a branched lineage pattern. Inside the lineage branches, all cells are symplasmically continuous via primary plasmodesmata, whereas the lineage branches themselves are united by plasmodesmata that form through existing walls, that is, secondary plasmodesmata (van der Schoot and Rinne 1999a). Similarly, the clonal sectors are interconnected by secondary plasmodesmata (Bergmans et al. 1997) . The capacity to form secondary plasmodesmata can therefore be regarded as a prerequisite for the construction of the duplex SAM of angiosperms (van der Rinne 1999a, 1999b) .
Primary and secondary plasmodesmata do not seem to differ in their capacity to permit diffusion of small morphogens and metabolites (Lucas et al. 1993 ). However, primary and secondary plasmodesmata might differ in their capacity to transport certain nondiffusing signals (van der Schoot et al. 1999a (van der Schoot et al. , 1999b , thereby imposing pattern on signal flow in the SAM. For example, the signals that can traffic through secondary plasmodesmata would be distributed throughout the SAM, as secondary plasmodesmata interconnect tunica and corpus, as well as clonal cell groups within them. In contrast, the signals that traffic exclusively via primary plasmodesmata would remain trapped within the lineages that spring off from each single initial cell. Hence, in the tunica such signals could move only radially within a single clonal sector (see van der Schoot and Rinne 1999a ). This could be significant for patterning, since radial signalling paths might operate in spacing phenomena, such as primordia positioning.
Although ultrastructurally all SAM cells appear to be interconnected in a continuous symplasmic network (Bergmans et al. 1997; Ormenese et al. 2000) , it has been speculated that physiological barriers exist, which gives rise to the various cytohistological zones (Sawhney et al. 1981) . Such zones display distinct cytohistological staining, cell cycling, organelle distribution, and metabolic activity crossoverlapping the tunica-corpus subdivision and corresponding to the central and peripheral parts of the SAM (Fig. 1A) . The peripheral zone is involved in the formation of leaf primordia, whereas the less active central zone is required for SAM maintenance and indeterminate growth (Bergmans et al. 1993 ; van der Schoot and Rinne 1999a).
Direct evidence for the existence of physiological barriers within the SAM has come from microinjection studies. Microinjected Lucifer Yellow CH (LYCH, 457 Da) diffuses rapidly from an injected cell to neighbouring cells, thereby revealing a communicating group of cells, termed a "symplasmic field". The various symplasmic fields correspond in position to either the central or peripheral zones of the tunica or the central zone of the corpus (Rinne and van der Schoot 1998; van der Schoot and Rinne 1999a; Ormenese et al. 2002) , thereby conforming to the boundaries between tunica and corpus, and peripheral and central zones (Fig. 1B) . This indicates that both the tunica-corpus division and the zonation phenomenon reflect real organisational features of the SAM. The physical subdivision of the SAM into separate fields has been further demonstrated by electrophysiological measurements. In proliferatively growing seedlings of birch, the cells in the central zone of the tunica display small membrane potential differences across the plasma membrane, whereas the cells of the peripheral symplasmic field show a membrane potential difference that is almost twice that of the plasma membrane (Rinne and van der Schoot 1998) . This implies that in the peripheral field, proton ATPases actively extrude protons, possibly to drive carrier-mediated proton cotransport, whereas the cells in the central field are relatively inactive.
The functional subdivision of the SAM into distinct regions is also apparent from gene expression studies (e.g., Fletcher and Meyerowitz 2000) . In Arabidopsis, some of the regionally expressed genes appeared to be crucial for the balanced activity of the SAM as a whole (Fig. 1C) . The gene clv3 is expressed exclusively in the central part of the tunica, whereas the clv1 gene is active only in the central part of the corpus (Clark et al. 1995 (Clark et al. , 1997 , confirming the described subdivision of the SAM. CLV3, a small peptide, is excreted to the extracellular space Rojo et al. 2002) where it binds to a CLV1-2 receptorkinase complex situated in the membrane of subjacent corpus cells , thereby activating the transcription factor WUSCHEL (Brand et al. 2000; Schoof et al. 2000) . WUSCHEL inhibits cell proliferation in the central zone of the corpus and feeds back to the clv3 gene in the tunica. Mutations in clv1 or clv3 result in the breakdown of this feedback system and a local increase in cell proliferation . It is unclear how the expression domain of the WUSCHEL gene is controlled, but it is possible that it is regulated by a mechanism that governs the sizes of the central symplasmic fields (van der Schoot and Rinne 1999a; Ormenese et al. 2001 Ormenese et al. , 2002 .
Symplasmic signalling in the shoot apical meristem
The existence of separate symplasmic fields is crucial to SAM functioning for several reasons. Cells that are coupled via open plasmodesmata spontaneously exchange water, ions, nucleotides, and small metabolites such as amino acids and sugars. This is physiologically significant because it allows the cells within a symplasmic field to maintain metabolic equilibrium. Importantly, symplasmic fields also facilitate the fast and direct exchange of small peptides, second messengers, and potential morphogens such as IP3, cAMP, and cGMP. This permits the cells to respond to arriving stimuli in a synchronized fashion, that is, the field acts as a response unit Rinne 1999a, 1999b) . For example, the activation of the CLV1-2 receptor system (see above) in a few cells of the corpus might result in the distribution of downstream signal components to all the cells of the coupling group, resulting in an integrated response. Such instantaneous signal spread would substantially increase the efficiency of the CLV1-3 signalling mechanism. It seems plausible that symplasmic fields are a prerequisite for the establishment of gene expression domains, like in the case of clv1-2 expression in the central part of the corpus and clv3 expression in the central part of the tunica (Bergmans et al. 1993; van der Schoot and Rinne 1999a; Ormenese et al. 2001 Ormenese et al. , 2002 .
A most remarkable feature of the SAM is that it maintains its organizational structure while cells are continuously displaced towards the leaf primordia and the stem (van der Schoot 1996; van der Schoot and Rinne 1999a). The fact that the symplasmic fields are kept in position implies that the border cells of the central symplasmic field are regularly "released" into the peripheral field, where they become symplasmically integrated. There is no indication that the positional narrowing of the plasmodesmatal channels between symplasmic fields is regulated by 1,3-β-D-glucan synthase. Instead, it might be dynamically regulated by a mechanism based on contractile proteins (Knight and Kendrick-Jones 1993; White et al. 1994; Overall and Blackman 1996; Blackman et al. 1999; Reichelt et al. 1999 ), as mentioned above.
Despite the fact that SAM cells are organized into symplasmic fields, there is indirect evidence that certain transcription factors might cross these borders via plasmodesmata. For example, the homeodomain protein KNOTTED1 might move to the tunica via the secondary plasmodesmata that interconnect the tunica and corpus (Jackson et al. 1994; Lucas et al. 1995; Jackson 2002) . Similarly, in Antirrhinum, transposon-induced expression of deficiens (def) and globosa (glo) in the lower meristem layers results in trafficking of the proteins to the tunica (Perbal et al. 1996) , whereas in Arabidopsis, FLORICAULA can move from the tunica to the corpus (Hantke et al. 1995; Carpenter and Coen 1995; Furner et al. 1996) . These and other cases clearly show that certain transcription factors can move selectively and differentially within the meristem, probably via plasmodesmata. On the other hand, Sessions et al. (2000) showed that when leafy (lfy) was expressed in a sector of a mutant it could restore the wild-type phenotype, implying that LEAFY moved nonselectively, that is, within the entire SAM. That certain transcription factors critical in development can move via plasmodesmata within meristems underlines the crucial role of plasmodesmata in development.
Movement of transcription factors across the boundaries of symplasmic fields, for example, from the central symplasmic field of the corpus toward that of the tunica or vice versa, requires plasmodesmatal gating (Fig. 1D) . Gating might involve the local dephosphorylation of proteinaceous spokes inside the plasmodesmata, resulting in their transient relaxation during the passing of the molecule (Epel 1994; McLean et al. 1997) , or by the actin-and myosin-based mechanism described above. A transient gating -from a closed to a widened state, and back -permits the trafficking of transcription factors between corpus and tunica without endangering the integrity of the symplasmic fields (van der Rinne 1999a, 1999b) .
Plasmodesmata in dormancy
Symplasmic import of short-day signals
The functioning of the SAM is dependent upon the symplasmic continuum for the supply of photosynthates via the phloem. However, functioning of the loading and transport routes, in mesophyll and phloem, is compromised by various stresses, such as low temperatures, which tend to narrow or close symplasmic pathways (Lucas et al. 1993) . Plants that grow in temperate regions have overcome this to some extent by developing a higher level of tolerance to chilling and by relying on a type of phloem loading that is independent of the symplasmic connections between the mesophyll and the phloem (see van Bel 1992) . However, these adaptations are insufficient to cope with the challenge of harsh winters, and therefore perennials of the temperate regions have developed proactive mechanisms by which they can anticipate seasonal changes. Seasonal progression is monitored by the perception of day length (or dark period) by means of phytochromes (Vince-Prue 1994; Smith 1995) . Phytochromes have been demonstrated to shuttle between the cytoplasm and nucleoplasm of leaf cells and might influence gene expression (Kircher et al. 1999; Yamaguchi et al. 1999) . Subsequently, putative signals are generated that move to the apex via the symplasmic paths of the phloem (Fig. 2 ) (Vince-Prue 1994), leading to growth cessation, bud formation, and the onset of dormancy and freezing tolerance (Weiser 1970; Fuchigami et al. 1971; Welling et al. 1997) . The SAM and the subapical meristem (Esau 1977 ) both respond to phytochrome-mediated signals, since patterning activity (Rinne and van der Schoot 1998) as well as internode elongation (Junttila 1990; Olsen et al. 1997 ) cease under short days (SD).
Growth arrest usually commences when the temperatures still support photosynthesis and translocation in the phloem, which makes it an efficient overwintering strategy for perennials. Firstly, it permits the delivery of SD signals to the SAM and axillary buds, and thereby the timely development of a dormant and freezing-tolerant state, and secondly, the buildup of the energy stores that are necessary for overwintering of tissues (Fuchigami et al. 1971; Kacperska 1989) . In general, perennials acquire a dormant state only after an exposure to a sufficient number of SDs. For example, birch (Betula pubescens) requires approximately 3 weeks under SD to consolidate the dormant state (Welling et al. 1997; ). This involves mechanisms that are intrinsic to the buds, as exposure of internode cuttings to conditions that are favourable to growth does not induce the bursting of dormant buds (Welling et al. 1997) . At this stage, the buds can have a substantial level of freezing tolerance, for example, in birch the LT 50 is approximately -20°C (Welling et al. 1997) . Although prolonged exposure to SD may further enhance freezing tolerance (Junttila and Kaurin 1990) , maximum levels can only be attained by exposure to low temperatures (Howel and Weiser 1970) .
Symplasmic uncoupling of shoot apical meristem cells
The cellular defense against future freezing stress is initiated by phytochrome-mediated SD signals in leaves that are relayed via the symplasmic continuum of the phloem toward the SAM and axillary buds. Upon the arrival of the signal at the shoot apex, the plasmodesmata within the SAM become obstructed, resulting in symplasmic isolation of the cells as demonstrated by microinjection experiments (Rinne and van der Schoot 1998) . A SD exposure as brief as 4 d was sufficient to block the transfer of LYCH from one microinjected tunica cell to the neighbouring cells. When dormancy was consolidated, all plasmodesmata were firmly closed by specific intra-and extra-cellular structures at the plasmodesmatal entrances (orifices) (Fig. 3) . The extracellular ring-like structure forms between the cell wall and the plasmodesmatal tube, whereas the intracellular structure is present inside the channel. Antibodies against 1,3-β-Dglucan and tannic acid staining decorated the plasmodesmal channels and collars demonstrating that during dormancy development, the plasmodesmatal orifices and wall sleeves become modified with carbohydrates and proteins (Rinne and van der Schoot 1998; Rinne et al. 2001) . One of the proteins is likely to be 1,3-β-D-glucan synthase, as suggested by the fact that its product is present in these areas. Other components are also likely to be present, as 1,3-β-D-glucan is often found in intimate mixture with other materials (Stone and Clarke 1992; Turner et al. 1994 ). The simultaneous formation of an inwardly expanding ring and an outwardly expanding plug may provide a durable and tight sealing of the plasmodesmata, particularly when considering that 1,3-β-Dglucan swells when it binds water (Stone and Clarke 1992) . Similar dormancy sphincters as described for birch (Rinne et al. 2001) are also found in the dormant SAM of poplar and potato tubers, although in a somewhat less-pronounced form in the latter (Rinne and van der Schoot 2004) . Earlier, comparable callose-containing sphincters, possessing only an extracellular ring, were proposed to function in the regulation of transport (Olesen and Robards 1990; Lucas et al. 1993) . In this putative flux-regulating device, the closing of the plasmodesmatal channel is probably never complete because of the presence of a supramolecular complex in the plasmodesmatal channel (Schultz 1999). In contrast, the dormancy sphincter of perennials provides a hermetic seal due to the formation of a channel plug in which the supramolecular complex becomes embedded (Rinne and van der Schoot 1998; van der Schoot and Rinne 1999b).
The symplasmic isolation of SAM cells is probably com-plemented by the blockage of apoplasmic pathways. Circumstantial evidence indicates that the staining properties of the cell walls change because of impregnation with waterrepellent substances, possibly suberin or wax-like substances similar to those deposited in cell walls during defense responses (Simard et al. 2001; Hartmann et al. 2002) This would explain why individual cells of the dehydrated dormant SAM draw in water from the tip of the impaling microelectrode, resulting in substantially swollen cells that are maintained over the course of at least a day (Rinne and van der Schoot 1998). The latter suggests that water cannot exit the cell via the plasmodesmata nor the cell wall.
In conclusion, the findings suggest that the photoperiodically induced signal cascade targets the mechanisms that modify the cell walls as well as those that control sphincter formation at the plasmodesmata. Collectively, this results in the dissipation of the intricate cell-to-cell signalling networks, both symplasmic and apoplasmic, which are required to sustain development. In this new situation individual cells are no longer subordinate to the activity of the SAM as a whole. Consequently, the uncoupled cells can freely and autonomously develop the gene expression and physiology needed for the development of freezing tolerance.
Symplasmic recoupling of SAM cells
It is well established that the dormant SAM regains its potential for renewed growth and development only after an adequate exposure to cold (Coville 1920; Noodén and Weber 1978; Powell 1987; Rinne et al. 2001 ). In addition, freezing and in experimental situations, heat or other stresses, can replace cold in the breaking of dormancy (e.g., Tanino et al. 1989; Rinne et al. 1997) , suggesting that they converge on a common mechanism. In natural conditions, the sensitivity of this mechanism to low temperatures provides plants with an advantage in that it allows them to anticipate spring in a timely fashion by breaking dormancy early. On the other hand, the inherent danger of an early dormancy release is that freezing tolerance is lost easily when temperatures rise (Proebsting 1963; Leinonen et al. 1997) . In contrast to Fig. 2 . Plasmodesmata in long-distance signalling and development. In the proliferative phase of higher plants photosynthates and signalling molecules are translocated via the symplasmic paths of the phloem (sieve tubes) toward the sink areas, including the shoot apex. In birch, exposure to a critical short day (SD) results in the production of phytochrome (PHY)-mediated signals, possibly RNA molecules or proteins, that traffic with the photosynthates toward the apex. The apex is composed of a shoot apical meristem (SAM) and underlying subapical meristem. The SAM shows a cytohistological zonation that cross-overlaps with the tunica-corpus structure. The zones within the SAM correspond to symplasmic fields (1-3) that are metabolically separated from each other by temporarily closed plasmodesmata. Certain macromolecules, RNAs, and transcription factors are able to gate the closed plasmodesmata to gain access to the cells of a field. Selected signals that are symplasmically unloaded from the phloem, particularly PHY-mediated signals for dormancy and flowering, or potential helper molecules must have an ability to gate these plasmodesmata to induce a switch in the output of the SAM as a whole. The subapical meristem (4) might represent a separate symplasmic field. PSF, peripheral symplasmic field; CSF-t, central symplasmic field in tunica; CSF-c, central symplasmic field in the corpus.
the SD-generated signals, the dormancy-breaking effect of chilling cannot be "imported" by SAM from elsewhere. This is demonstrated by the selective chilling of various plant parts showing that it is the dormant bud itself that must be exposed to low temperatures (Metzger 1996 and references therein). Experiments with isolated dormant SAMs have further confirmed that low temperatures affect the cells of the SAM directly (Purvis 1940 (Purvis , 1961 Metzger 1988 ). This makes sense in light of the findings that in the dormant SAM of birch, no pathways are available for the internal distribution of any signals (Rinne et al. 2001 ). Because of the hermetic closing of plasmodesmata with dormancy sphincters and impregnation of the cell walls with a waterproofing substance, the dormant SAM lacks both symplasmic and apoplasmic signal paths (Fig. 3) . In addition, it is unlikely that any chilling signal could traffic into the apex, as in many perennials the phloem becomes obstructed by large amounts of 1,3-β-D-glucan (Krabel et al. 1993) , giving rise to so-called winter phloem (Esau 1977) .
The dormancy-breaking effect of chilling is based on the restoration of the symplasmic connections in the SAM, as shown by microinjection experiments (Rinne et al. 2001) . After adequate chilling, plasmodesmata regained their capacity to transport fluorescent dyes between cells and dyecoupling patterns characteristic of the active SAM were restored. The symplasmic recoupling of SAM cells coincided with the disappearance of the 1,3-β-D-glucancontaining sphincters, implying the involvement of 1,3-β-Dglucanase in the restoration of the symplasmic network of the SAM. The spring reactivation of winter phloem is also thought to involve 1,3-β-D-glucanase activity (Krabel et al. 1993) . Immunolocalization studies showed that 1,3-β-Dglucanase was present at the half-membrane of spherosomes that lined up in high numbers at the plasma membrane of chilled meristems of birch (Rinne et al. 2001) . In general, spherosomes or lipid bodies originate by budding from the endoplasmic reticulum via the local deposition of triacylglycerols within the lipid layer of the endoplasmic reticulum. They are commonly thought to function in lipid storage in oleoineous seeds and fruits, but recent evidence suggests that spherosomes might be a regular cell constituent with functions beyond the passive storage of triacylglycerols. Thus they might have an important role in lipid metabolism, lipid trafficking, and membrane recycling (Murphy 2001) .
In birch, spherosomes are absent in the active SAM, but SD exposure induces large numbers of them (Rinne et al. 2001) . The SD-induced spherosomes were dispersed throughout the cytoplasm, but after exposure to cold sufficient to break dormancy, they were found in the vicinity of The proliferating apex of birch responds to the arrival and entry of a short-day signal by the production of dormancy sphincter complexes on all plasmodesmata (pd). Simultaneously, the phloem sieve tubes (st) might become occluded by deposits of 1,3-β-D-glucan, thereby giving rise to dormant winter phloem (wp). (B) The dormancy sphincter complex is composed of a central channel plug at both ends of each plasmodesma, and an additional extracellularly located sphincter ring. Both plug and ring contain 1,3-β-D-glucan as well as unidentified proteins, one of which could be 1,3-β-D-glucan synthase. The outward expansion of the channel plug combined with the inward expansion of the sphincter ring provides a tight sealing of the plasmodesma. w, cell wall; m, plasma membrane; pr, waterproofed.
the cell membrane and often in contact with plasmodesmata (Rinne et al. 2001) . As the spherosomes carry 1,3-β-Dglucanase, the docking of the spherosomes at the plasmodesmata suggests that they deliver the enzyme to the plasmodesmata to remove the 1,3-β-D-glucan deposits from the sphincters. The precise mechanism remains to be established however. In addition, at the end of the chilling period, free 1,3-β-D-glucanase occurred in the cortical cytoplasm, possibly representing de novo synthesized enzyme (Rinne et al. 2001) . It is tempting to speculate that the two different locations of 1,3-β-D-glucanase, at spherosomes and in the cytoplasm, reflect two distinct routes for enzyme delivery to 1,3-β-D-glucan deposits at the extracellular sphincter ring and the intracellular plug. Alternatively, the autophagic nature of spherosomes (Matile 1975) and the presence of myelin-like configurations in some of them suggest that they might locally remove endoplasmic reticulum sacculi and patches of plasma membrane to gain access to the contents of the sphincter and the plasmodesmatal channel, possibly in a way analogous to that suggested for sieve pore formation (Lucas et al. 1993) .
It is unknown how the spherosomes become displaced toward the plasmodesmata, but it is possible that cold-induced alterations in the cytoskeleton, involving both microtubules and microfilaments (Sangwan et al. 2001; Örvar et al. 2000) , are responsible for it. Several types of small organelles and components of the endomembrane system are attached to the cytoskeleton (Menzel and Schliwa 1986; Collings et al. 2002; Harper et al. 2002) . A possible attachment of spherosomes to cytoskeletal elements (see in Murphy 2001 ) is of particular interest because they could guide spherosomes to plasmodesmata. Actin has been localized to plasmodesmata and it is involved in controlling plasmodesmatal permeability (Ding et al. 1996) , whereas microtubules guide vRNAmovement protein complexes to plasmodesmata for cell-tocell transport (Boyko et al. 2000 (Boyko et al. , 2002 . The experimental breaking of dormancy by heat and other stresses (e.g., Tanino et al. 1989 ) might similarly be based on induced changes in the configuration of the cytoskeleton.
It is of interest that abscisic acid (ABA) promotes the formation of spherosomes as well as the accumulation of spherosome-related proteins that provide stability to spherosomes and assist their intracellular trafficking (Frandsen et al. 2001; Murphy 2001) . SD and low temperature result in increased ABA levels in Betula and other species (Odén and Dunberg 1984; Lång et al. 1994; Rinne et al. 1994 ). Increased ABA levels commonly correlate with dehydration and freezing tolerance (Ingram and Bartels 1996) , as well as with growth arrest of buds (Rinne et al. 1994; Welling et al. 1997) , embryonic leaves, and subapical meristems (Rohde et al. 2002) . Although ABA can prevent growth, it does not seem to have a direct role in development of the dormant state (Rinne et al. 1994; Welling et al. 1997) . In contrast, the involvement of ABA in maturation of spherosomes suggests that it might be important for spherosome-mediated release from dormancy. The preproduction and subsequent compartmentalization of the dormancy-breaking enzymes, 1,3-β-Dglucanase being among them, would be a strategic solution to the problem of how to produce a sufficient amount of enzyme for symplasmic restoration during winter when cellular metabolism is low (Rinne et al. 2001) . Thus, it is important to note that coordinated changes during dormancy induction might not all causally relate to the onset of dormancy (or even freezing tolerance) but rather to cellular events that are separated spatially and temporally from dormancy. Such a novel time-lag mechanism would add considerably to the complexity of the dormancy phenomenon, and it could explain why unambiguous correlations between ABA and dormancy have been difficult to find.
We have viewed the induction of dormancy and freezing tolerance as a defense strategy against future stress, and it is of considerable interest to examine how this anticipation of stress relates to the mechanisms that are directly triggered by stress and which involve the same enzyme couple 1,3-β-D-glucan synthase and 1,3-β-D-glucanase.
Plasmodesmata in defense
Symplasmic invasion
Plants are frequently challenged by pathogens that invade the symplasmic space to feed or multiply, thereby interfering with a number of cellular processes. Viruses, for example, invade leaf cells, where they consume and deplete metabolite and nucleotide pools during multiplication (Goodman et al. 1986; Fraser 1987) . Even surrounding cells that are not yet infected might show metabolic and physiological alterations (Havelda and Maule 2000; Maule et al. 2002) . After replication many viruses move cell-to-cell with the help of virally encoded movement proteins (vMP) that target and dilate plasmodesmata (Citovsky 1993) . In a compatible virusplant interaction the virus systemically infects the plant without causing severe symptoms, whereas in incompatible interactions the systemic movement of the virus is very restricted and commonly confined to local lesions (Maule et al. 2002) . However, both types of interactions may eventually lead to disturbances in the overall development of the plant (Maule et al. 2002) . The symptoms include abnormal accumulation of starch in the leaves, decrease in photosynthetic activity, and stunted growth (e.g., Fraser 1987) . Regardless of the commonalities of these symptoms, it has remained largely unknown how these perturbations arise (Zaitlin and Palukaitis 2000; Maule et al. 2002) .
Although locally the virus might alter cellular metabolism, the effects of replication are not sufficient to explain symptom formation (Zaitlin and Palukaitis 2000) . Apparently, it is particularly the plant response to virus movement that leads to various forms of symptoms. Viral movement occurs predominantly in the spongy mesophyll through the same plasmodesmata used by the plant to transport photosynthates to the phloem. After entry into the phloem, viruses may systemically infect the plant. The hacking of the mesophyll plasmodesmata by the spreading virus induces plant responses that aim to limit virus spread. Unfortunately, this response might affect the trans-mesophyll delivery of photosynthates. As will be argued in the following sections, the latter might substantially contribute to symptom formation, a fact that has received little attention in earlier literature.
Symplasmic blockage
As viruses move through plasmodesmata, the plants that resist virus movement (as in the case of incompatible interactions) try to keep them localized in the infected area. The resulting local lesions are characteristic for so-called hypersensitive tissues, and the response is known as the hypersensitive response (HR). Although the HR is a complex event involving many molecular and biochemical changes, a consistent early feature is the deposition of 1,3-β-D-glucan at the plasmodesmata and cell walls in and around infection sites (Wu and Dimitman 1970; Allison and Shalla 1974; Shimomura and Dijkstra 1975; Zimmermann et al. 1997; Blumwald et al. 1998) . The regulated deposition of 1,3-β-D-glucan is therefore regarded as a general mechanism by which virus spread is limited (Allison and Shalla 1974; Zaitlin and Hull 1987; Stone and Clarke 1992) . The accumulation of starch in local lesions, formed during the HR (Técsi et al. 1996) , shows that the deposition of 1,3-β-D-glucan at the plasmodesmata also constitutes a physical barrier to sugar export from the infected cells.
Recent evidence for a large number of viruses shows that it might be the presence of the vMP at the plasmodesmata that triggers the formation of 1,3-β-D-glucan in punctuated bodies or platelets apposed to the wall. For example, Oparka et al. (1997) showed that for tobacco mosaic virus (TMV), the green fluorescent protein -movement protein fusion product (GFP-vMP) localizes in the middle of the plasmodesmatal channel between paired platelets of 1,3-β-D-glucan (Fig. 4) . The same was found for the vMP of Poa semilatent virus (PSVL; Gorshkova et al. 2003 ) and the P42 vMP of Beet necrotic yellow vein virus (BNYVV) (Erhardt et al. 2000) . Although it has been noted that traces of 1,3-β-Dglucan are present in noninfected tissue along the plasmodesmatal channel, 1,3-β-D-glucan is not present at the collar or neck region of the plasmodesmata (Turner et al. 1994) .
That the transport capacity of the mesophyll plasmodesmata is decreased by the interactions with vMPs is further supported by observations of noninfected plants that transgenically express a vMP or coat protein showing disturbances of growth and development similar to those found during viral infection (Pascal et al. 1993; Kormelink et al. 1994; Storms et al. 1998; Maule et al. 2002) . For example, tobacco plants that transgenically express the NS M movement protein of Tomato spotted wilt virus (TSWV) display severe symptoms, including dwarfing, starch accumulation, and breakdown of chlorophyll (Kormelink et al. 1994; Storms et al. 1998; P.L.H. Rinne et al., unpublished data) . The accumulation of starch in the mesophyll of transgenic plants mimics the accumulation of starch in lesions formed during a HR (Técsi et al. 1996.) In transgenic tobacco plants, NS M protein colocalizes with 1,3-β-D-glucan at the plasmodesmata throughout the mesophyll of source leaves, resulting in the narrowing or closing of most plasmodesmata (P.L.H. Rinne et al., unpublished data) . The presence of constitutively expressed vMP at all source-leaf plasmodesmata clearly triggers a global defense response that aims to neutralize the vMP effects by 1,3-β-D-glucan deposition. This finding is consistent with the work of Oparka et al. (1997) , who found that the vMPs of TMV became gradually nonfunctional, that is, unable to gate plasmodesmata behind the leading edge of the infection although still present at the plasmodesmata.
It seems, therefore, that the symptoms that accompany virus infection, particularly those in incompatible interactions, might arise largely as a result of defense mechanisms aimed at restricting virus spread (see also Maule et al. 2002) . In other words, the symptoms are largely self-inflicted because they result from the defense strategy of the plant itself. The emergence of whole-plant symptoms would then be due to seriously disturbed source-sink relations. This interpretation is supported by the fact that plants that constitutively express an invertase gene, which disturbs the source-sink relations, show symptoms identical to those found in many virus-infected plants (von Schaewen et al. 1990 ).
Symplasmic recovery
Although 1,3-β-D-glucanases are intimately associated with 1,3-β-D-glucan, the enzymes are widely held to be pathogenesis-related proteins (PR-2 proteins), that is, proteins that have an explicit role in the defense against pathogens (e.g., Linthorst 1991) . The fact that 1,3-β-D-glucanase (PR2a,c) and chitinase show antifungal activity in vitro and that 1,3-β-D-glucan is an important component of the fungal wall makes 1,3-β-D-glucanase a fairly specific agent against fungal pathogens. A complication is that it is also expressed during viral infection (Shinshi et al. 1988) , although viruses do not have a 1,3-β-D-glucan wall and 1,3-β-D-glucanase does not protect against viral infection (Brederode et al. 1991) . Instead, class I 1,3-β-D-glucanase (PR-2e, basic, vacuolar glucanase) promotes viral spread as shown by class I 1,3-β-D-glucanase-deficient mutants, generated by antisense transformation, which display greatly reduced viral symp- (1), forming characteristic platelets apposed at the wall and trapping the vMP (1a, 1b) (e.g., Oparka et al. 1997) . These deposits slow down the progression of the viral RNA (vRNA). Viral cell-to-cell movement is to some extent possible due to the activation of the hydrolysing enzyme 1,3-β-D-glucanase (2), which aims to restore the symplasmic connections (3) of the traumatized cell with its surrounding cells. toms in both local lesions and systemic responses (Iglesias and Meins 2000; Bucher et al. 2001) . Beffa and Meins (1996) proposed the attractive hypothesis that viruses might highjack the antifungal defense mechanism of plants to promote their own spread from cell-to-cell. Since vacuolar proteins can be targeted to the cell wall (Kjemtrup et al. 1995) , they could break down the 1,3-β-Dglucan platelets (Oparka et al. 1997) in virally infected tobacco plants, as these might be located extracellularly. Although it is presently not clear how viruses could highjack this mechanism, there is an interesting possibility that viruses interact with plant components to overcome these specific 1,3-β-D-glucan barriers (Beffa and Meins 1996) . For example, during Potato virus X infection the virus-encoded protein TGB12k, necessary for cell-to-cell transport, interacts with three proteins, which are putative susceptibility factors, and which all have the capacity to interact with 1,3-β-D-glucanase (Fridborg et al. 2003) . Potyviruses encode the cylindrical inclusion body protein, which is found in pinwheel inclusion bodies positioned over the plasmodesmata, thereby assisting cell-to-cell movement of the virus. Although it is unknown how this is achieved, the presence of the cylindrical inclusion body protein is linked with a transient reduction of 1,3-β-D-glucan at the plasmodesmata (Roberts et al. 1998) . From a developmental perspective it seems plausible that the activities of 1,3-β-D-glucan synthase and 1,3-β-D-glucanase, both of which are involved in many developmental processes (see above), are tightly coordinated to maintain and modify symplasmic pathways during development. Considering that 1,3-β-D-glucanases might have coevolved with 1,3-β-D-glucan synthase to regulate the plant's symplasm, the defense function against fungi might have evolved on the basis of this system. In the case of virus infection, it seems possible that 1,3-β-D-glucan synthase and 1,3-β-D-glucanase action are triggered in tandem with a certain time delay. The virus could then move opportunistically to uninfected cells when the healthy tissue reconnects the temporarily isolated cells by the action of 1,3-β-D-glucanase.
1,3-β-D-Glucanase is also an important component of systemic acquired resistance or immunization against a wide variety of pathogenic fungi, bacteria, and viruses (Ward et al. 1991; Simmons 1994) . In this phenomenon the local infection of the plant results in the expression of a variety of genes, including 1,3-β-D-glucanases and chitinases. The mechanism of systemic acquired resistance is not well understood, but salicylic acid and jasmonic acid are important components (Gaffney et al. 1993; Pieterse et al. 1998 ). Considering the possible tandem function of 1,3-β-D-glucan synthase and 1,3-β-D-glucanase, we suggest that the systemic increase in 1,3-β-D-glucanase activities during systemic acquired resistance might be preceded by a systemic induction of 1,3-β-D-glucan at the plasmodesmata. The advantage of a tandem function is that it would permit a fast response upon pathogen attack, but simultaneously allow for the timely resumption of cell-to-cell trafficking of molecules that are needed to sustain growth and development.
Plasmodesmata at the crossroads
In the above we have described the role of plasmodesmata in development, dormancy, and defense, and the role of 1,3-β-D-glucan synthase and 1,3-β-D-glucanase in the regulation of plasmodesmal function. We have proposed that the plant utilizes these enzymes to maintain, modify, and adapt its symplasmic pathways in accordance with the constraints imposed by the environment. If plasmodesmata have a central position "at the crossroads", then they will appear to be involved in a wide array of developmental and defensive responses against environmental disturbances.
Abiotic and biotic stress
Plants or tissues that are exposed to a moderate abiotic stress develop resistance to other forms of abiotic stress, a phenomenon referred to as cross-adaptation or crosstolerance (Tanino et al. 1990; Sabehat et al. 1998; Gong et al. 2001) . For example, in several species tolerance to low temperatures can be achieved by pre-exposure to water stress (Siminovitch and Cloutier 1982; Cloutier and Andrews 1984; Takahashi et al. 1994) , salt stress (Ryu et al. 1995) , mechanical stress or wounding (Keller and Steffen 1995) , and heat (Bonham-Smith et al. 1987; Sabehat et al. 1998; Gong et al. 2001) . Heat not only stimulates hardening but also results in enhanced tolerance to UV-B (Borisova et al. 2001) , drought (Kuznetsov et al. 1993; Gong et al. 2001) , heavy-metal toxicity, and water stress (Bonham-Smith et al. 1987; Gong et al. 2001) . Heat tolerance, reciprocally, can be increased by water stress (Arora et al. 1998) .
Cross-protection against biotic stresses seems to follow similar patterns in that plants invaded by pathogens can develop cross-protection against other pathogens. For example, tomato plants infected with one race of the fungal pathogen Fusarium oxysporum develop high levels of cross protection against another race (Huertas-Gonzales et al. 1999) . Similarly, a viral infection may delay or prevent a subsequent infection with a related virus (Culver 1996; Mahmood and Rush 1999; Aguilar et al. 2000) . It is remarkable, however, that an abiotic stress (e.g., ozone) can induce tolerance against biotic stresses (Sharma et al. 1996; Pasqualini et al. 2002) , suggesting that part of the underlying mechanisms is very general.
Investigations have pointed out some commonalities in the responses of plants to various stresses at the cellular level. An important signalling component in plant stress responses is the plant hormone ABA that mediates adaptation to cellular dehydration (Ingram and Bartels 1996) . ABA levels rise in plants stressed by salt, drought, cold, and heat (Lalk and Dörffling 1985; Lång et al. 1994; Larkindale and Knight 2002) , as well as in those exposed to short photoperiods (Odén and Dunberg 1984; Rinne et al. 1994 . These treatments and ABA application overlap in their induction of a number of stress-related gene products such as dehydrins and proteins that are cold responsive, late embryogenesis abundant-and responsive to ABA (Skriver and Mundy 1990; Finkelstein et al. 2002) . Heat, in turn, induces heat shock proteins, some of which are also induced by ABA (Sabehat et al. 1998 ). However, stresses other than heat can also induce heat shock proteins, for example, drought, flooding, high salt, and heavy metals (Nover et al. 1989; Anderson et al. 1994; Coca et al. 1996; Kiyosue et al. 1994; Pareek et al. 1995) . Interestingly, even a viral infection can induce heat shock proteins (Havelda and Maule 2000) . Despite the large number of investigations, it is not understood how any of these stress-related proteins mediates resistance against environmental stress and pathogens.
Commonalities in resistance mechanisms
The search for a common mechanism tends to focus on cellular alterations in gene expression and physiology (Sabehat et al. 1998; Bowler and Fluhr 2000) . It is feasible, however, that resistance can also be achieved by mechanisms that operate above the single-cell level. For example, as pointed out by van Loon (1983) , resistance against viral infection is always expressed at the tissue or whole-plant level and is lost at the single-cell level, as a cell is capable of replicating essentially any virus. Consequently, cross-protection against other viruses is also conferred above the single-cell level. Furthermore, the most advanced defense systems in plants function at the tissue (HR) and whole-plant level, and include complex phenomena such as systemic acquired resistance, post-transcriptional gene silencing, and RNA interference, which are based on symplasmic signalling. For example, post-transcriptional gene silencing, a natural defense mechanism of plants that is induced by a wide range of viruses, is mediated by a signal that traffics systematically via the symplasm (Palauqui et al. 1997; Voinnet et al. 1998 ). Stress-related signalling molecules, as well as those that mediate dormancy development, are also translocated via the phloem stream (Jackson 1997; Rinne et al. 2001 ; Fig. 2 ). For the operation of these whole-plant resistance mechanisms (and certain forms of cross-protection) symplasmic paths are therefore fundamental, whereas in local tissue responses, such as the HR, plasmodesmata closure is essential.
Although the HR, a response at the tissue level, was discovered as a defense mechanism against viral spread, it appears that the HR can also be induced by abiotic factors such as ozone (Sharma et al. 1996; Pasqualini et al. 2002) . Furthermore, the characteristic deposition of 1,3-β-D-glucan at all plasmodesmata during the HR can be induced by other adverse abiotic conditions, including low temperatures (Majumder and Leopold 1967) , high temperatures (McNairn 1972) , plasmolysis (Drake et al. 1978) , aluminium (Sivaguru et al. 2000) , ozone (Schraudner et al. 1992) , wounding (Radford et al. 1998; Radford and White 2001) , and probably ethylene (Stone and Clarke 1992) . The fact that these abiotic conditions can also induce 1,3-β-D-glucanase (Schraudner et al. 1992; Stone and Clarke 1992; Simmons 1994 ) supports the notion that 1,3-β-D-glucan synthase and 1,3-β-D-glucanase might be triggered in tandem (see above).
Conclusion
It is possible that 1,3-β-D-glucan is associated with plasmodesmata in all plants ranging from algae to angiosperms, as the ability to narrow down or seal the plasmodesmata must have been essential to protect physically damaged cells or tissues, which would otherwise die from the loss of essential metabolites (Lucas et al. 1993) . The evolution of this sealing mechanism cannot be conceived in isolation of the enzyme that hydrolyses 1,3-β-D-glucan. We propose that the enzymes 1,3-β-D-glucan synthase and 1,3-β-D-glucanase evolved as a tandem-operated system by which plants regulated their symplasmic pathways during vegetative growth and flowering (Fraser 1987; Simmons 1994) . During evolution this general and ancient system has become repeatedly employed in a variety of developmental and defense contexts, perhaps explaining the existence of multiple genes for both 1,3-β-D-glucan synthase and 1,3-β-D-glucanase (Verma and Hong 2001; Laubner-Metzger 2003) . In conclusion, the commonalities that exist in the ways developing plants respond to abiotic and biotic stresses, whether directly perceived or anticipated, support the view of plasmodesmata at the crossroads between development, dormancy, and defense.
